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Inna Nybom
Activated Carbon 
Amendments for 
Sediment Remediation  
Reduction of aquatic and biota concentrations 
of PCBs, and secondary effects on Lumbriculus 
variegatus and Chironomus riparius 
Contaminated sediments may pose 
risks to aquatic ecosystems. Under 
investigation for remedial approach 
are carbon amendments (e.g. activated 
carbon, AC). In the present thesis 
the sorption efficiency of AC for 
polychlorinated biphenyls (PCBs), and 
the secondary effects of AC on benthic 
organisms Lumbriculus variegatus and 
Chironomus riparius were studied. 
The results show that the sorption 
efficiency and the secondary effects 
are dependent on the used sediment, 
highlighting the importance of site-
specific evaluation when remedial 
actions are designed. 
d
isser
tatio
n
s | 20
0 | In
n
a N
yb
o
m
 | A
ctiva
ted
 C
a
rb
o
n
  A
m
en
d
m
en
ts fo
r S
ed
im
en
t R
em
ed
ia
tio
n
Inna Nybom
Activated Carbon 
Amendments for 
Sediment Remediation 
Reduction of aquatic and 
biota concentrations of PCBs, 
and secondary effects on 
Lumbriculus variegatus 
and Chironomus riparius
  
INNA NYBOM 
Activated Carbon 
Amendments for Sediment 
Remediation  
Reduction of aquatic and biota concentrations of 
PCBs, and secondary effects on Lumbriculus 
variegatus and Chironomus riparius 
 
 
 
 
Publications of the University of Eastern Finland 
Dissertations in Forestry and Natural Sciences  
 Number 200 
 
 
 
Academic Dissertation  
To be presented by permission of the Faculty of Science and Forestry for public 
examination in the Auditorium N100 in Natura Building at the University of Eastern 
Finland, Joensuu, on December, 18, 2015, at 12 o’clock noon. 
 
Department of Biology  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Grano 
Jyväskylä, 2015 
Editors: Prof. Pertti Pasanen,  
Prof. Pekka Kilpeläinen, Prof. Matti Vornanen  
 
Distribution: 
Eastern Finland University Library / Sales of publications 
P.O.Box 107, FI-80101 Joensuu, Finland 
tel. +358-50-3058396 
http://www.uef.fi/kirjasto 
 
ISBN: 978-952-61-1978-6 (nid.) 
ISSNL: 1798-5668 
ISSN: 1798-5668 
 ISBN: 978-952-61-1979-3 (PDF) 
ISSN: 1798-5676 (PDF) 
 
  
Author’s address: University of Eastern Finland 
Department of Biology 
P.O.Box 111 
80101 JOENSUU 
FINLAND 
email: inna.nybom@uef.fi  
 
Supervisors:  Akkanen Jarkko, Senior Researcher, Ph.D. 
University of Eastern Finland 
Department of Biology 
P.O.Box 111 
80101 JOENSUU 
FINLAND  
email: jarkko.akkanen@uef.fi 
 
   Matti Leppänen, Senior Researcher, Ph.D. 
   Finnish Environment Institute  
Survontie 9 A  
40500 JYVÄSKYLÄ 
FINLAND 
email: matti.t.leppanen@ymparisto.fi   
 
Professor Jussi V.K. Kukkonen, Ph.D. 
University of Jyväskylä 
Department of Biological and Environmental Science  
P.O.Box 35 
40014 JYVÄSKYLÄ 
FINLAND 
email: jussi.v.k.kukkonen@jyu.fi  
 
Reviewers:  Professor, Gerard Cornelissen, Ph.D. 
Norwegian Geotechnical Institute 
P.O. Box. 3930 Ullevål Stadion 
N-0806 OSLO  
NORWAY 
Norwegian University of Life Sciences 
P.O. Box 5003 
NO-1432 ÅS 
NORWAY 
Stockholm University 
Department of Environmental Science and Analytical 
Chemistry (ACES) 
SE-106 91 STOCKHOLM 
SWEDEN 
email: gerard.cornelissen@ngi.no 
  
 
Assistant professor, J.R. Parsons, Ph.D. 
Earth Surface Science, Institute for Biodiversity and Ecosystem 
Dynamics 
University of Amsterdam 
Science Park 904 
1098 XH AMSTERDAM 
THE NETHERLANDS 
email: J.R.Parsons@uva.nl 
 
Opponent:  Professor Jonas Gunnarsson, Ph.D. 
Stockholm University 
Department of Ecology, Environment and Plant Sciences 
106 91 STOCKHOLM 
SWEDEN 
email: Jonas.Gunnarsson@su.se
  
ABSTRACT 
Contaminated sediments may pose a risk to aquatic ecosystems, 
and through bioaccumulation the adverse effects may reach the 
higher levels of the food chain, including humans (e.g. through 
fish consumption). New approaches for sediment remediation 
are required, because many of the traditional methods are 
technically challenging and costly. Carbon amendments, such as 
activated carbon (AC) have been studied as a potential 
remediation method. AC is a porous carbon material, and due to 
its substantial surface area, it can bind hydrophobic organic 
compounds (HOCs) strongly.  
In the present thesis the aim was to study the sorption 
efficiency of AC by measuring aqueous and biota concentrations 
of polychlorinated biphenyls (PCBs) in AC-amended and 
unamended sediments. Additionally, the secondary effects of 
AC were studied using the benthic organisms Lumbriculus 
variegatus and Chironomus riparius. The PCB bioaccumulation 
was clearly reduced in both organisms along with the increasing 
AC dose, and corresponding responses were seen in aqueous 
concentrations. However, AC amendments in the sediment also 
induced secondary effects. Adverse effects were seen e.g. on 
growth (L. variegatus and C. riparius), reproduction and survival 
(C. riparius), and the responses were dose and particle size 
dependent. AC is an efficient sorbent, and concurrently with 
contaminants, it may also bind nutritious compounds, thus 
reducing the quality of the sediment for benthic organisms. The 
secondary effects may also be related to the mechanical 
disturbance caused by ingested AC particles.   
Since AC binds the contaminants from the sediment and 
reduces its bioavailability to organisms, reduced sediment 
toxicity may also be a consequence of carbon amendment. In 
one of the sediments studied here, indications of positive effects 
were seen. A relatively low AC dose (0.5% sediment dry weight) 
resulted in slightly increased survival and reproduction of C. 
riparius. Thus, with carefully selected dosages the secondary 
effects could possibly be kept to a minimum, and at some sites 
  
positive effects on ecosystems could even be achieved. 
Additionally, the reduction of contaminant concentrations in 
organisms at the bottom of the food chain could possibly affect 
the food chain transfer of HOCs.  
A matter to keep in mind when discussing potential new 
methods for remediation is that the traditional approaches also 
carry secondary effects for ecosystems and organisms, which 
can sometimes be drastic or even decimating. Site-specific 
evaluation plays a key role in estimating both the potential 
effects, both adverse and beneficial, when the new (and old) 
methods are considered or implemented for remedial purposes. 
 
Universal Decimal Classification: 502.174, 547.622, 574.587, 574.64, 
595.142 
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Chironomus riparius; adverse effects; toxicity; toxicology 
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1 Introduction 
1.1 XENOBIOTICS 
Toxicants or xenobiotics (foreign substances) are agents that 
may produce an adverse response (effect) in a biological system, 
damaging its structure and/or function, or causing death. The 
adverse response is determined as a disturbance from the 
“normal” range for healthy organisms (Rand et al., 1995). 
Anthropogenic xenobiotics enter the environment through 
several sources e.g. from industrial or municipal effluents, 
dumping of waste, terrestrial runoff and atmospheric deposition 
(McCarthy et al., 1991).  
Hydrophobic organic compounds (HOCs) are a group of 
xenobiotics of particular environmental concern, as they are 
often persistent and may bioaccumulate in organisms. 
Bioaccumulation refers to the uptake of chemicals from the 
environment through any or all possible routes (e.g. respiration, 
diet, dermally) from different sources in the environment where 
chemicals are present. The process of bioaccumulation is 
particularly important for nonpolar persistent organics, which 
as lipophilic compounds accumulate in organisms to high levels. 
However, they may have low toxicity and are often poorly 
metabolized. Moreover, such contaminants often biomagnify in 
the food chain, meaning that the chemical tissue residues 
increase at higher trophic levels, primarily due to their dietary 
accumulation (Spacie et al., 1995). 
The extensive use of HOCs during the past few decades has 
resulted in widespread environmental contamination through 
direct or indirect discharges into the environment. The 
chemicals concerned include polychlorinated biphenyls (PCBs), 
pesticides, dioxins, furans, polycyclic aromatic hydrocarbons 
(PAHs) and various organic solvents (Rand et al., 1995). During 
the 21st century steps have been taken on a global scale to 
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measure and regulate persistent, bioaccumulative and toxic 
(PBT) chemicals, as well as persistent organic pollutant (POPs), 
categories to which many HOCs belong (Muir and Howard, 
2006). The UNEP Stockholm Convention, a global agreement on 
POPs, adopted in 2001 and ratified in 2004, aims to globally ban 
or reduce emissions of POPs and restrict the production of new 
POPs (UNEP, 2001). However, the massive quantity of existing 
chemicals as well as the volume of new chemicals produced 
continuously, together with the shortcomings in analytics and 
identification, represent considerable challenges for the 
regulation of old and new chemicals (Muir and Howard, 2006). 
1.1.1 Polychlorinated biphenyls (PCBs) 
PCBs consist of 209 chemical compounds called congeners. 
PCBs have a biphenyl nucleus where one to ten hydrogens have 
been replaced by chlorine and they are subdivided into 
homologs according to the degree of chlorination. When the 
chlorine atoms are attached to ortho positions (on either side of 
the C-C bond coupling the two benzene rings, in Figure 1: 2, 2,’ 
6, and 6’), the molecule takes a nonplanar conformation. PCBs 
have low-to-moderate acute toxicity, and most of the effects are 
the result of repetitive or chronic exposure (Borja et al., 2005). 
The toxicity of PCBs is related to the level of chlorination and 
the structure. The highly chlorinated PCBs tend to be more toxic 
than those that are less-chlorinated. Additionally, the planar 
PCB forms without ortho-chlorine substitutes resemble the 
chemical structure of dioxins and may have dioxin-like effects, 
including carcinogenicity (Erickson, 1997). PCB-induced toxicity 
patterns vary between species as a consequence of their 
differing abilities to metabolize PCBs and due to the differing 
primary sites of action. For mammals, hepatoxic, immunetoxic, 
neurotoxic and reproductive effects have been reported (Eisler 
and Belisle, 1996). The major exposure route for humans is food, 
and 80% of the total exposure originates from fish consumption 
(Hallikainen et al., 2011).  
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Figure 1. Molecular structure of polychlorinated biphenyls, indicating the positioning 
of chlorine substituents (m+n = 1 to 10). The ortho positions affecting the planarity 
and thus the toxicity of the molecule are 2, 2’ 6, and 6’. Figure according to Erickson 
(1997). 
 
PCBs are anthropogenic, and there are no known natural 
sources (Borja et al., 2005). Due to their favorable physical and 
chemical properties (thermal stability, chemical inertness, non-
flammability, high electrical resistivity) PCBs have been used in 
a wide range of industrial applications, e.g. in dielectric fluids in 
capacitors and transformers, in heat transfer fluids, in hydraulic 
fluids and as additives in pesticides, paints, carbonless copy 
paper, adhesives, sealants and plastics (Erickson, 1997). PCBs 
were produced in particularly large volumes from the 1930s to 
the mid-1970s. Commercial PCBs were manufactured and sold 
in complex mixtures, the most commonly known trademark 
being Aroclor. Due to the environmental concerns arising, the 
production of PCBs was essentially terminated in the late 1970s 
(ATSDR, 2000). By the mid-1980s the manufacture, processing 
and distribution of PCBs had been banned in the US, Japan and 
in many European countries (Borja et al., 2005). The Stockholm 
convention on POPs lists PCBs as priority chemicals, the use of 
which was to be eliminated entirely by 2025 (UNEP, 2001).     
Despite the termination of the use of PCBs approximately 
thirty years ago, PCBs are still frequently found in the 
environment (Ross, 2004). Because of their high stability and 
general hydrophobic nature, PCBs released into the 
environment have dispersed globally through ecosystems (Rand 
et al., 1995). They are found in the air, in water, in sediment and 
in soil and they can cycle between the different phases. They can 
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travel long distances in the air and are found in areas far away 
from where they were released, for example in the Arctic 
(ATSDR, 2000). Since PCBs are lipophilic and degrade in the 
environment very slowly, they tend to accumulate in organisms 
and biomagnify in the food chain. The PCBs in aquatic 
ecosystems are therefore generally found in the sediment and in 
biota. Sediments, on the other hand, may act as a reservoir for 
PCBs by storing and slowly releasing them back into the water 
column, thus acting as a source for surface waters (Borja et al., 
2005).  
1.2 CONTAMINATED SEDIMENTS 
Sediments, consisting of terrestrial material (eroded soil or 
rock), organic matter and other minerals, lie at the bottom of 
lakes, streams and ponds (US EPA, 2005). The top 10 cm layer of 
the sediment forms the biologically active layer. This top layer 
acts as a habitat for microbes and higher trophic level sediment-
dwelling and sediment-feeding organisms, such as benthic 
invertebrates and fish, as well as providing a substrate for 
aquatic plants (Burkhard et al., 2005). 
Sediment is considered to be contaminated if it contains toxic 
or hazardous material on levels that may affect the environment 
or the human health (US EPA, 1998). Direct intentional 
discharge of the chemicals into the waterbody, e.g. through 
industrial facilities, and wastewater treatment or unintentional 
discharge through chemical spills, are the point sources of 
contaminants in sediments. Chemicals can also be carried into 
waterbodies from diffuse sources with the runoff or erosion of 
soil and through air emissions (US EPA, 2005; Rand et al., 1995). 
In the aquatic environment, most anthropogenic chemicals, both 
organic and inorganic, eventually accumulate in the sediment. 
The concentrations of contaminants in sediment may be several 
orders of magnitude higher than in the overlying water, but the 
bulk sediment concentration may not correlate directly to the 
bioavailability. Several factors, including chemical properties 
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(e.g. aqueous solubility and affinity for sediment organic 
carbon) and environmental characteristics (e.g. pH, organic 
carbon content, grain size of the sediment and sediment mineral 
composition) affect the partitioning and sorption of compounds 
between water and sediment (Ingersoll, 1995). The degradation 
of contaminants in aquatic environments is in many cases very 
slow and thus the contaminants persist in the sediments for 
years or decades, even after the source of contamination has 
already been removed. Contaminated sediments involve a 
potential risk for the organisms, since sediments are an 
important component of aquatic ecosystems, providing a habitat 
for a wide range of benthic and epibenthic organisms (CCREM, 
1999).  
1.2.1 PCBs in the aquatic environment  
An estimated one third of the world’s production of PCBs has 
been released into the environment, resulting in a calculatory 
load exceeding 350 000 tons. Due to the high quantity of the 
PCBs in the environment, their concentrations in environmental 
media and biota are expected to remain high for decades 
(Tanabe, 1988). The PCBs in dumpsites, coastal zones and 
estuaries will further leach into aquatic ecosystems, inducing 
continuous exposure in aquatic organisms (Tanabe, 1988; 
Aguilar et al., 2002).  
It has been shown that PCBs are transformed by aerobic and 
anaerobic microorganisms (Abramowicz, 1995). Additionally, in 
situ biotransformation of PCBs has been observed both in the 
presence and in the absence of oxygen (Flanagan and May, 1993; 
Bedard and May, 1996). However, PCBs are known for their 
excellent oxidative and thermal stability, and thus their 
transformation or dechlorination in the environment is generally 
modest (Bedard and May, 1996). Moreover, the environmental 
conditions in boreal latitudes, such as low temperature and lack 
of oxygen, may reduce the rate of degradation even further 
(Hurme and Puhakka, 1999).  
The Canadian Council of Ministers of the Environment has 
set quality guidelines for sediment in order to protect aquatic 
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life. For PCBs the threshold level, below which adverse 
biological effects are not expected, is 34.1 μg/kg, and the 
probable effect level is 277 μg/kg sediment dry weight (dw) 
(CCREM, 1999). In Finland sediment quality guidelines do not 
exist, but the Ministry of the Environment has set limits for 
nonhazardous (level 1) and hazardous (level 2) dredging 
residues. The classification has been made for PCB congeners 28, 
52, 101, 118, 138, 153 and 180. The hazardous level (2) of the 
above-mentioned congeners is 30 μg/kg and the nonhazardous 
level (1) for congeners 28 and 52 is 1 μg/kg and for 101, 118, 138, 
153 and 180, 4 μg/kg (Ympäristöministeriö, 2004).  
In the US there are some sites that are highly 
contaminated as a result of PCBs. These sites are called 
Superfunds, and for example, in the Hudson River sediment 
peak ∑PCB concentrations of 2 000 000 μg/kg have been 
measured, while average concentrations near the historical 
discharge sources exceed 40 000 μg/kg dw (US EPA, 2000a).  
Due to the extensive use of PCBs, high levels have been 
measured globally. Another well-known example is 
Hunters’Point Naval Shipyard in Canada, where ∑PCB 
concentrations exceed 9 900 μg/kg locally (Ghosh et al., 2003). 
High concentrations have also been detected in inland waters in 
Finland near historical effluent sources and larger cities. For 
example, in Viinikanlahti Bay, near the city of Tampere, ∑13 
PCB concentrations of up to 6900 μg/kg have been observed 
(Frisk et al., 2007). For Lake Kernaalanjärvi in Janakkala 
concentrations exceeding 4500 μg/kg (∑16) have been reported 
(Mäenpää et al., 2015b). As a consequence of biomagnification, 
in contaminated sites the PCBs are generally also found in biota: 
for example in Kernaalanjärvi water district high concentrations 
has been measured in the aquatic food web (Figure 2).  
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Figure 2. Example of PCB concentration in the environment and biota in Lake 
Kernaalanjärvi. Biota concentrations μg/kg fw. Eel (Anguilla Anguilla) 
concentrations determined from the whole fish (Tulonen and Vuorinen, 1996). Other 
fish concentrations from the fillet, fish and aquatic organisms ∑20 PCB (Figueiredo et 
al., 2014). TL = trophic level determined by stable isotope analysis (δ15N). 
Concentration and TL ranges in roach (Rutilus rutilus) and perch (Perca fluviatilis) 
indicate results from different-sized fishes (8-30cm); the ranges in plankton are results 
from samples collected with different mesh-sized nets and at different sampling times. 
Osprey (Pandion haliaetus) ∑24 PCB concentrations from blood (fw) (Mäenpää et al., 
2011a). Water concentrations measured with low density polyethylene (PE) passive 
samplers (Figueiredo et al., 2014). Sediment and sediment pore water concentrations 
according to Mäenpää et al. (2015b), pore water concentrations determined with 
polydimethylsiloxane (PDMS) passive samplers. Air ∑6 PCB concentrations, average 
from 5 sampling locations in coastal and central Finland measured with polyurethane 
foam disk passive samplers (PUF disks) (Gioia et al., 2007).  
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The biomagnification of PCBs may eventually also induce 
human health risks. The greatest exposure of PCBs for humans 
is through food, of which the main source (98%) is fish 
(Hallikainen et al., 2011). According to EU recommendations, 
the maximum level of PCBs and dioxins in food products 
should not exceed 0.008 μg/kg fw. This value is called toxic 
equivalency (TEQ), and it is calculated by taking into account 
the relative toxicity of the different congeners, i.e. the toxic 
equivalency factors (TEF). The TEF of dioxins and dioxin-like 
compounds is the highest (close to 1). For non-dioxin-like PCBs 
only, the recommendation is 0.075 μg/kg fw. The values 
expressed in Figure 2 are several orders of magnitude higher 
than the recommended levels for food. For this reason the 
Finnish National Nutrition Council stated in 2011 that pike, 
perch, asp and blue bream from Lake Kernaalanjärvi should be 
eaten only once or twice a month (based on portions of 100 g), 
whereas eel should not be consumed at all (Figueiredo et al., 
2014). Additionally the commercial use of the fish species 
mentioned above is prohibited.  
1.3 SEDIMENT REMEDIATION 
Sediment remediation utilizes physical, chemical or biological 
treatment technologies to reduce contaminant concentrations or 
mobility in the sediment, in order to achieve environmental 
cleanup goals. Remediation techniques act by separating, 
breaking down or converting the contaminants from the 
sediment into less toxic forms or by stabilizing the contaminants 
to solids and in this way reducing the transport of contaminants 
to aquatic food webs (ICS-UNIDO, 2007; Ingersoll, 1995).  
There are numerous factors that make sediment remediation 
processes complex and challenging. The contamination to which 
sediment is exposed may be ongoing and difficult to control, it 
may be diffused and the sites of contamination may be large and 
diverse, having e.g. many property owners and different uses 
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(US EPA, 2005). Understanding and predicting the behavior of 
contaminants or the effects of natural forces and anthropogenic 
events in a dynamic environment is challenging (US EPA, 2005), 
and the remedial actions usually cause some disturbance and 
possible release of contaminants into the environment (ICS-
UNIDO, 2007). Moreover, even though the site in question is 
considered contaminated, it may not be acutely toxic to the 
aquatic ecosystem (e.g. due to risks arising through 
bioaccumulation). Thus the sediment may contain ecologically 
valuable resources, and even endangered species or habitats. 
Additionally, the aquatic environment poses technical 
challenges for remedial action, and the remediation is often 
more expensive than in the case of other media (US EPA, 2005).  
1.3.1 Commonly used sediment remediation techniques 
The most commonly used remediation techniques for 
contaminated sediments are dredging or excavation, monitored 
natural recovery and active or passive capping. Less frequently 
used in situ methods generally aim to enhance degradation of 
the contaminants and involve techniques such as biological, 
chemical and thermal treatment (US EPA, 2005; ICS-UNIDO, 
2007).  
The removal of contaminated sediment from the waterbody 
is called dredging. When the water has been diverted or drained 
prior to removal of the sediment, the term excavation is used 
(US EPA, 2005). Various different types of dredgers are 
currently used in remediation. Generally the dredgers can be 
divided into two categories, depending on the basic means of 
moving the dislodged sediment; by the mechanical method the 
sediment is lifted mechanically with buckets and by the 
hydraulic method the sediment is moved through a pipe (US 
EPA, 1994). When dredging contaminated sediments, the release 
of contaminants into the surrounding water or into the 
atmosphere is of particular concern. The organic contaminants 
tend to bind to the fine sediment particles, which are most easily 
suspended during disturbance of the sediment (US EPA, 1994; 
US EPA, 2005). Additionally, the removal of the contaminated 
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sediment typically requires transporting the contaminated 
matter to a subsequent location for treatment and/or disposal. 
The required technologies and post-processing often make 
dredging projects complex and costly. The benefits of dredging 
methods lie in the removal of contaminated sediments from the 
aquatic environment, thus achieving the remedial objectives 
quickly and allowing flexibility in the later use of the waterbody 
(US EPA, 2005). 
Monitored natural recovery (MNR) generally does not 
include any treatment, but relies on the ongoing, naturally 
occurring processes to degrade, isolate or reduce the toxicity or 
bioavailability of the contaminants in the sediment. In order to 
successfully implement MNR, the processes contributing to risk 
reduction should be identified and evaluated in order to ensure 
that risk-reduction processes are actually executed (US EPA, 
2005). Although MNR does not include a construction phase, it 
should not be confused with the “no-action” approach. If 
monitoring indicates that recovery processes do not proceed as 
expected, further or alternative actions need to be considered, 
e.g. re-evaluation of MNR, combining the method with other 
remedial techniques or considering optional approaches instead 
of MNR (Fuchsman et al., 2014). Key advantages of MNR are its 
relatively low implementation costs and non-invasive nature. 
However, the limitations are that the method leaves the 
contaminants in place and that natural processes may be slow in 
reducing the risks compared to active remedial methods (US 
EPA, 2005).   
Capping refers to placement of clean material on top of the 
contaminated sediment. The contaminated sediment generally 
remains in place and the cap functions by isolating and/or 
stabilizing the contaminants. The caps are usually constructed of 
granular materials, e.g. clean sediment, sand or gravel. More 
complex cap designs may include multiple layers, geotextiles or 
liners. In situ capping may reduce the exposure of biota 
relatively rapidly and can provide clean substrate for 
recolonization by benthic organisms. Generally, capping also 
requires less infrastructure compared to dredging. The 
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shortcoming of this method is that it leaves the contaminants in 
place and thus to some extent involves a risk that the 
contaminant may be re-exposed. Similarly to dredging, it also 
includes at least temporal destruction or severe disturbance of 
the aquatic community at the site (US EPA, 2005).  
1.3.2 Carbon amendments, new approach for sediment 
remediation  
The uptake of contaminants and thus also toxicity depends on 
the bioavailability of the contaminants. Black carbonaceous 
particles in the sediment, such as soot, coal and charcoal have 
been shown to bind HOCs very strongly and to reduce the 
concentrations bioavailable to the organism (Cornelissen et al., 
2005). This notion has raised the question as to whether 
manufactured carbonaceous materials, such as activated carbon 
(AC), could be used to bind the contaminants and to stabilize 
the contaminated sediments.   
The process of activating carbon materials aims to increase 
the surface area of the material and to enhance the affinity of 
carbon for binding the contaminants. Activated carbon can be 
produced from several base materials, such as charcoal, wood or 
peat and additionally from byproducts and residues, such as 
agricultural byproducts (Ahmedna et al., 2000), paper mill 
sludge (Khalili et al., 2000) and waste newspapers (Okada et al., 
2003), various nut shells (Ahmadpour and Do, 1997; Hayashi et 
al., 2002; Yang and Lua, 2003; Azevedo et al., 2007), fruit stones 
(Rodrı́guez-Valero et al., 2001; Aygün et al., 2003), and even 
banana peel (Getachew et al., 2015) or coffee extract residues 
(Tehrani et al., 2015). For AC production, raw materials with 
high carbon and low inorganic (i.e. low ash) content, high 
density and sufficient volatile content are preferred (Table 1). 
Volatiles enhance the formation of porosity during pyrolysis, 
and the high density of the base material increases the structural 
strength of the carbon (Aworn et al., 2008).  
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Table 1. Basic properties of common raw materials used for activated carbon 
production. Table according to Cecen and Aktas (2011). 
Raw material Carbon (%) Volatiles (%) Ash (%)
Wood 40-45 55-60 0.3-1.1
Nut shells 40-45 55-60 -
Lignite 55-70 25-40 5-6
Coal 65-95 5-30 2-15
Petroleum coke 70-85 15-20 0.5-0.7  
 
Activation of the base material can be effected through 
physical or chemical activation, or by combining the two 
methods. Physical activation is a two-step process, where the 
raw material is first carbonized in pyrolysis under conditions of 
high temperature (500–1000°C) and in an inert atmosphere, in 
order to eliminate a maximum amount of oxygen and hydrogen 
elements. The second step of physical activation is performed 
under high temperature (as high as during pyrolysis or higher) 
in the presence of an oxidizing gas such as water (H2O) or 
carbon dioxide (CO2) (Gergova et al., 1993; Ahmadpour and Do, 
1996; Moreno-Castilla et al., 2001; Bouchelta et al., 2008). The 
chemical activation process requires only one step since the 
pyrolysis and activation are carried out simultaneously in the 
presence of chemical agents (e.g. ZnCl2, H2SO4, H3PO4, and 
KOH) (Ahmadpour and Do, 1996; Moreno-Castilla et al., 2001; 
Bouchelta et al., 2008). All of the chemical agents used in the 
chemical activation process are dehydrating agents, thus 
inhibiting the formation of tar and enhancing the yield of carbon 
(Ahmadpour and Do, 1996).  
The high adsorption capacities of ACs are related to their 
specific surface area, pore volume and porosity (Tsai et al., 
2001). Adsorption refers to the accumulation of substances e.g. 
HOCs (adsorbate) on the surface of an AC (adsorbent) (Cecen 
and Aktas, 2011). The activation step increases the surface area 
of the carbon mainly by increasing the formation of micropores. 
The increase in surface area in turn increases the number of 
potential binding sites for chemicals. The specific surface area 
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(SSA) of AC usually ranges from 500 to 3000 m2/g (Aworn et al., 
2008). Different pore sizes of AC are required in different 
applications, and thus the development and control of pore size 
distribution during AC production is important (Aworn et al., 
2008; Inagaki, 2000). The adsorption pores can be classified into 
three categories according to the International Union or Pure 
and Applied Chemistry (IUPAC): micropores (<2 nm) 
mesopores (2–50 nm) and macropores (>50 nm) (Sing et al., 
1985) (Figure 3). HOCs present in a wide variety of sizes and 
shapes, and thus the AC pore size can determine whether the 
chemical can reach the binding site in a carbon particle. For 
example, coplanar PAHs and PCBs have been shown to bind 
more strongly to soot and soot-like materials (including AC) 
compared to the nonplanar forms. The phenomenon was 
considered to relate to the better accessibility of the pores to 
planar compounds or the ability of the planar molecules to 
closely approach the sorption surface, thus creating favorable 
conditions for sorption (Jonker and Koelmans, 2002; Bucheli and 
Gustafsson, 2003).  
 
 
Figure 3. Illustration of activated carbon pore sizes. Figure from Inagaki (2000). 
 
ACs have been used for many purposes, especially in 
environmental applications. AC is utilized in the removal of 
various organic and inorganic compounds from surface water, 
groundwater and wastewater. Its efficiency as regards various 
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organic contaminants, e.g. pesticides, herbicides, aromatic 
solvents, polynuclear aromatics, chlorinated aromatics, 
phenolics, chlorinated solvents, fuels, alcohols, surfactants and 
soluble organic dyes has been recognized in the wastewater 
treatment of municipal and industrial effluents since the mid-
1960s. In addition AC has been applied in the remediation of 
contaminated groundwaters and soils (Cecen and Aktas, 2011).  
Under investigation is the application of carbon amendments 
in situ, to provide a potentially less invasive and less expensive 
method for remediating contaminated sediments compared to 
the traditional approaches. Amendments could be added to the 
sediment as a thin layer cap or else mixed into the sediment. The 
efficiency of carbon amendments for remedial purposes is based 
on its high sorption capacity for HOCs and, in this way 
stabilization of the contaminants in the sediment. In a similarly 
way as in the capping method, the contaminants are not 
removed from the area, but the exposure risk to biota is 
reduced. Additionally, due to the strong sorption efficiency of 
the carbon amendments, the re-exposure of the contaminants is 
less likely than in the case of capping (Ghosh et al., 2011; 
Kupryianchyk et al., 2015).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 29 
1.4 AIMS OF THE STUDY 
The general aim was to gain new knowledge about the AC 
amendment approach and to explore the method from different 
angles in order to possibly enhance its usability in the actual 
remedial situation. The amendments are added directly to the 
sediments (mixed in or as a thin layer cap), and thus 
presumably the strongest effects are seen in the benthic 
community. This thesis focuses on the sorption efficiency and 
potential secondary effects of AC amendments on benthic 
organisms Lumbriculus variegatus and Chirnonomus riparius.  
 
The specific aims were to study:  
1) The potential secondary effects induced by different AC 
dosages and particle sizes (I, II). 
2) The AC sorption efficiency in PCB contaminated sediments 
by measuring the reduction in bioaccumulated and aqueous 
concentrations (III, IV) 
3) The effects of ageing (long AC-sediment contact time) on 
potential secondary effects and AC sorption efficiency (IV). 
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2  Materials and methods 
2.1 ACTIVATED CARBON 
 
Bituminous coal-based AC was used in the experiments. ACs 
can be classified according to their particle sizes as powdered 
activated carbon (PAC) or granular activated carbon (GAC). The 
definition of PAC varies slightly between standardizers, but 
generally refers to AC having a particle size <200–300 μm (95–
100%). AC ranging in particle size from 200–5000 μm is 
considered granular (Cecen and Aktas, 2011). Three different 
AC particle sizes were used in the experiments: 90% <63 μm, 63–
200 μm and 420–1700 μm. For the purposes of this study the 
ACs used were labeled as powdered (PAC), mid-sized (MAC) 
and granular (GAC), respectively, in order to distinguish the 
two smaller particle-sized ACs from each other. The sediments 
were amended with AC on a dw basis with dosages ranging 
from 0.05%–5% (PAC, MAC) and 0.25−15% (GAC).  
2.2 TEST ORGANISMS 
Benthic organisms play an important role in aquatic food webs. 
Being low trophic-level species they are a prominent food 
source for many predatory organisms and thus they may also 
affect the trophic transfer of HOCs (Figueiredo et al., 2014). 
Changing the availability of contaminant to low trophic-level 
species may therefore benefit the whole ecosystem. On the other 
hand, benthic organisms may be sensitive to sediment 
amendments, such as AC, due both to external exposure 
through sediment and to internal exposure through ingested AC 
particles. The benthic organisms chosen for these studies, 
Lumbriculus variegatus and Chironomus riparius, are found in 
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many contaminated areas (Cho et al., 2009; Cornelissen et al., 
2011; Figueiredo et al., 2014), and they are well-known and 
commonly used test organisms in aquatic ecotoxicology (Ristola 
et al., 1996a; Mäenpää et al., 2003; Lyytikäinen et al., 2007; 
Carrasco Navarro et al., 2011; Pakarinen et al., 2011; Waissi-
Leinonen et al., 2012).  
2.2.1 Chironomus riparius 
Chironomus riparius is a nonbiting midge (Diptera: 
Chironomidae), with a four-stage life cycle: egg, larva, pupa and 
adult midge (Figure 4). The larva stage can be further divided 
into four instars. The larvae live in the sediment in tubes 
constructed from sediment particles, algae and other available 
particles (Rasmussen, 1984). Larvae are deposit feeders (Naylor 
and Rodrigues, 1995) and hence readily exposed to hazardous 
materials or contaminants bound to sediment. The fourth instar 
larvae are approximately 1 cm long and weigh 5 to 8 mg fresh 
weight (fw). The larvae are covered with a chitinous sheet 
(Nation, 2002). Ninety percent of the life span of the 
Chironomids takes place under aquatic conditions (egg, larvae 
and pupa), of which the sediment-dwelling larvae phase is the 
longest, covering 70–80% of the total life span (Taenzler et al., 
2007). First instar larvae hatch from the freshly laid eggs within 
approximately three days. Larvae development in laboratory 
conditions takes on average 23 days, followed by a short (1.5 
days) pupal phase (Taenzler et al., 2007). The adult midges live 
on average 4 to 5 days (Ristola et al., 2001; Watts and Pascoe, 
2000). The sex ratio in undisturbed conditions is approximately 
1:1, and emergence is bimodal, meaning that the males emerge 
first followed by the females a couple of days later (this 
phenomenon is called protandry) (Watts and Pascoe, 2000). The 
Chironomids are ecologically relevant due to their wide 
distribution, numerical abundance and importance as prey for 
juvenile and adult fish (Taenzler et al., 2007). Standard tests for 
C. riparius as an indicator species for chemical toxicity are 
composed by the Organisation for Economic Cooperation and 
Development (OECD, 2004; OECD, 2010). 
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Figure 4. Chironomus riparius life cycle. The typical length of each stage is indicated 
in the figure as a proportion: egg stage 5–15%, larvae stage (including four instars) 
70–80%, pupal stage 3–8% and adult stage 5–15%, life cycle proportions according to 
Taenzler et al. (2007). 
 
Several endpoints of C. riparius can be used as an indicator of 
environmental stress. The growth (length, dw) of the larvae is 
generally measured in a 10-day exposure. Correspondingly, the 
developmental stage (instar) of the larvae can be determined by 
measuring the head capsule length under the microscope after 
10-day exposure [average head capsule lengths: I 0.12 mm, II 
0.22 mm, III 0.36 mm and IV  0.56 mm (Watts and Pascoe, 2000)]. 
To simulate continuous exposure, longer experiments can be 
performed covering the whole life cycle, or several generations. 
With this study, 10-day growth experiments and emergence 
experiments covering two generations [1st (P) and 2nd (F1)] were 
executed. The ingestion of AC particles was studied from light 
microscopy samples prepared from the middle part of the larvae 
(II), additionally the size distribution of the ingested AC 
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particles was measured from the same samples. The endpoints 
in full life cycle tests were developmental rate, emergence time, 
sex ratio and egg production.  
2.2.2 Lumbriculus variegatus 
Lumbriculus variegatus is a sediment-dwelling aquatic 
oligochaete (Figure 5). The length of the laboratory-cultured L. 
variegatus is 4 to 5 cm with a weight of less than 12 mg (fw). 
Mid-sized worms between 5 and 9 mg (fw) are generally used in 
the experiments (Leppänen and Kukkonen, 1998b). Unlike C. 
riparius, L. variegatus does not have a protective chitin layer, and 
thus they are exposed to sediment-related particles and 
contaminants through ingestion and by the surface epithelium. 
L. variegatus is tolerant in terms of environmental parameters 
(Schubaur-Berigan et al., 1995; Airas et al., 2008), tolerating a 
wide variety of contaminants (Kukkonen and Landrum, 1994; 
Lyytikäinen et al., 2003; Mäenpää et al., 2008; Pehkonen et al., 
2010; Beckingham and Ghosh, 2013; Han et al., 2015), while still 
having relatively sensitive and easily measurable behavioral and 
ecological responses (Leppänen and Kukkonen, 1998a; 
Leppänen and Kukkonen, 1998b; Drewes, 1999). Standards for 
using L. variegatus in bioaccumulation assays and chemical 
toxicity tests have been published by the U.S. Environmental 
Protection Agency (US EPA, 2000b) and the Organisation for 
Economic Cooperation and Development (OECD, 2007).  
The studied endpoints for L. variegatus were survival, 
growth, reproduction, lipid content (28-day exposure) and 
egestion rate (14-day exposure). The egestion rate was 
determined by collecting and weighing the fecal pellets 
produced during the experimental period (Figure 5) (Leppänen 
and Kukkonen, 1998a). The amount of pellets produced is 
proportional to the ingested sediments. Termination or 
reduction of sediment consumption may be an indication of 
sediment avoidance behavior, since L. variegatus is considered to 
be a nonselective feeder with limited ability to choose the 
particles ingested [particles <100µm are ingestible for L. 
variegatus (Lawrence et al., 2000)]. In addition, possible 
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selectivity of L. variegatus feeding was studied using organic 
petrography samples made from the fecal pellets (I).  
 
 
Figure 5. Lumbriculus variegatus. Figure showing normal feeding behavior and fecal 
pellet collection method (right).  
2.3 SEDIMENTS 
Both uncontaminated (I, II) and field-collected PCB- 
contaminated sediments (III, IV) were used in the experiments. 
Uncontaminated sediments were laboratory-made artificial 
sediment (AFS) and field-collected sediment from Lake 
Höytiäinen (HS) (62° 41′ 21″ N 29° 40′ 34″ E). AFS was prepared 
according to OECD standard 225 (OECD, 2007) from finely 
ground peat, quartz sand, and kaolinite. As a food source, finely 
ground Urtica dioica powder was mixed into the sediment at 
0.5% of the sediment dw prior to the experiment (I, II), or 
alternatively TetraMin® (TM) suspension prepared in ultrapure 
water was added during the experiment at 0.5 mg 
TM/larvae/day (II, III). The HS sediment has been well 
characterized and can be considered uncontaminated (Ristola et 
al., 1996b; Cornelissen et al., 2004). Field-collected and 
laboratory-made sediments were both used in paper I in order 
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to study the effect of sediment type. HS sediment is of less than 
optimal quality for L. variegatus. In a previous study where four 
sediments were compared, the egestion rate of L. variegatus in 
HS was moderate, and weight loss of the worms was reported in 
a 7-day experiment (Leppänen and Kukkonen, 1998a). 
PCB-contaminated sediments from three locations were used: 
Lake Kernaalanjärvi (N 60° 85' 44'' E 24° 64' 21'', KJ), River 
Tervajoki (N 60° 82' 34'' E 24° 63' 52'', TJ) and Viinikanlanti Bay 
(N 61° 48' 97'' E 23° 76' 70'', VL). The PCB load in TJ and KJ, 
downstream of the same waterbody, originates from the same 
historical source. PCBs were released in TJ and was carried also 
to KJ along with wastewaters from a paper mill prior to the year 
1984 (ELY Häme, 2010). In VL sediment the PCBs also 
originated from a historical load, and the major source of the 
contamination was most likely a nearby capacitor factory. The 
unpurified wastewaters of the factory were discharged directly 
into the bay in the 1960s and 1970s (Jaakkonen, 2011). TJ and KJ 
sediments contained tri-, tetra-, penta- and hexa–chlorinated 
PCB homologues, while in VL sediment the dominant PCB 
homologues were tri- and tetra-chlorinated, and higher 
chlorinated PCBs were nearly absent. Natural sediments were 
sieved to a particle size of <1 mm and all the sediment were 
stored at 5 ˚C, in darkness, prior to use in the experiments. The 
analyzed sediment characteristics are presented in Table 2. 
 
Table 2. Sediment dw, total organic carbon (TOC) and black carbon (BC) content and 
∑20 PCB concentrations of the contaminated sediments. Average values ± sd. 
Sediment dw (%) TOC (g/kg dw) BC (g/kg dw)
∑PCB 20 
congeners    
(mg/kg sed. 
dw)
Paper 
Höytiäinen 18.03 ± 0.97 27.97 ± 1.97 1.58 ± 0.13 I
Artificial sed. 58.56 ± 0.44 1.43  ± 0.26 0.52  ± 0.36 I
Artificial sed. 59.72 ± 1.54 5.43 ± 2.70 1.90 ± 0.67 II
Tervajoki 25.72 ± 0.32 55.59 ± 7.48 1.10 ± 0.25 7.60 ± 0.19 III
Kernaalanjärvi 54.19 ± 0.23 7.64 ± 1.23 2.58 ± 0.43 3.37 ±0.21 IVa
64.38 ± 0.08 7.45 ± 1.14 1.53 ± 0.35 3.38 ±0.53 III,IVb
Tervajoki 28.74 ± 0.28 42.61 ± 3.35 2.05 ± 0.02 2.61 ±0.23 IVa
29.11 ± 0.19 41.49 ± 5.57 2.85 ± 0.30 3.52 ±0.79 IVb
Viinikanlahti 38.09 ± 0.09 41.99 ± 6.86 2.03 ± 0.49 6.62 ±0.03 IVa
41.22 ± 0.05 36.65 ± 2.42 2.72 ± 0.18 6.34 ±0.09 IVb
a,b Analyses made after two weeks (a) or three years (b) of AC- sediment contact time  
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2.4 EXPERIMENTS  
2.4.1 Experimental design 
The organisms used in the experiments were sampled and 
cultured as described in the Materials and Methods section of 
the corresponding articles, L. variegatus I,IV, and C. riparius II,III. 
The main focus in studies I and II was to shed light on the 
ecological effects of AC. In order to observe solely the effects of 
AC amendment, uncontaminated sediments were used in the 
studies, a wide range of AC doses were applied, and the 
experiments were executed using three different AC particle 
sizes. Figure 6 summarizes the main endpoints studied in 
experiments I and II.  
 
Figure 6. Main endpoints studied with L. variegarus (left) with artificial- (AFS) and 
Höytiäinen sediment (HS) I, and C. riparius (right) in AFS II. The secondary effects 
of AC were studied using three particle sizes (PAC, MAC, GAC) and a wide range of 
doses amended on the basis of sediment dry weight content (%). The abbreviations in 
the figure: transmission electron micrograph (TEM), 1st generation (P) and 2nd 
generation (F1).  
 
In Papers III and IV, the main focus was on the remedial 
potential and applicability of AC, though several ecological 
parameters were still followed. Based on the results for 
uncontaminated sediments, one AC particle size (MAC) was 
chosen for the studies, and the applied AC doses were selected 
to represent low and sufficient doses compared to the 
recommended dosages for remedial purposes (Ghosh et al., 
2011). The experiments were executed in field-collected PCB 
contaminated sediments. With C. riparius a full-lifecycle test was 
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executed in order to study the effects of AC on the fitness of the 
organisms and also on the transport of PCBs from the larvae to 
the adult midges (III). To simulate the possible long-term effects 
of AC, experiments with aged an AC-sediment system were 
executed (IV). The experiments were conducted with L. 
variegatus after two weeks of AC-sediment contact time and 
repeated with the same sediments three years later. The main 
analyses and endpoints followed in experiments III and IV are 
presented in Figure 7. 
 
 
Figure 7. Main endpoints studied with C. riparius (left) in Kernaalanjärvi- (KJ) and 
Tervajoki sediments (TJ) III and L. variegarus (right) with Kernaalanjärvi Tervajoki 
and Viinikanlahti sediments (VL) IV. AC was added to the sediments on a dry weight 
basis (%). The abbreviations in the figure: transmission electron micrograph (TEM), 
1st (P) and 2nd (F1) generation midges.  
 
Transmission electron microscopic (TEM) samples were 
prepared in order to analyze possible internal structure changes 
in L. variegatus (IV) and C. riparius larvae (II, III). From the TEM 
images microvilli lengths (L. variegatus and C. riparius) and 
densities (L. variegatus) were analyzed. The organisms were 
exposed to AC-amended and unamended sediments for 28 (L. 
variegatus) or 10 days (C. riparius). After that, the samples were 
fixed, cast and cut as described by (Waissi-Leinonen et al., 2012). 
The samples were analyzed either by Zeiss 900 high-resolution 
TEM or Jeol high-resolution TEM (JEM 2100F).  
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2.4.2 Bioaccumulated and Cfree concentrations 
The bioaccumulation studies were executed with L. variegatus 
(28 days), C. riparius larvae (14 days) and emerged midges 
(exposure 15–28 days, depending on the emergence time of the 
midges). The PCBs were extracted from the samples using 
ultrasound with acetone:hexane (1:1) using an internal standard 
method. The method is described in detail by Mäenpää et al. 
(2011b). The analyzed PCB congeners were (∑20); 18, 28, 31, 44, 
49, 52, 70, 101, 105, 110, 114, 118, 138, 149, 151, 153, 156, 157, 167 
and 180. All of the PCB-congeners analyzed within this study 
were nonplanar (Table 3). Octanol/water partition coefficients 
(Kow) presented in the Table 3 express the ratio of the solubility 
of a compound in octanol (a non-polar solvent) to its solubility 
in water (a polar solvent). The Kow values are indicatory of the 
environmental fate of the chemicals. The compounds with high 
Kow are more likely to be adsorbed in sediment and living 
organisms and thus under a greater concern (Hawker and 
Connell, 1988).  
The freely dissolved concentrations of PCBs in the sediments 
were also determined by applying the silicone-coated glass 
passive sampling method (Mäenpää et al., 2011b; Mäenpää et 
al., 2015b). Glass vials (20 ml) were internally coated with 
nominal 4, 8, and 16 μm layers (IV) or a 11µm layer (III) of 
silicone polydimethylsiloxane (PDMS) (SilasticA, Dow Corning 
Corporation, Midland, MI). The coated jars were filled with 
sediment samples and rotated slowly (5 rpm) for two weeks in 
order to achieve equilibrium of the analytes between the 
polymer and the sediment. The analytes were extracted from the 
silicone with n-hexane. The extraction procedure was modified 
from the method applied by Mäenpää et al. (2011b) and is 
described in detail in Paper IV. The analyzed PCB congeners 
were (Σ16); 18, 28, 31, 44, 52, 49, 101, 105, 110, 118, 138, 149, 151, 
153, 156, 180. Two parallel samples for each silicone thickness 
were prepared for all of the sediment samples (i.e. n=6 for each 
treatment). Different silicone thicknesses were applied in order 
to ensure the equilibrium time of the analytes between the 
polymer and the sediment (IV). In Paper III only one silicone 
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thickness was used (n=3) since the equilibrium time was earlier 
ensured in Paper IV for the same sediments.   
The extracted concentrations of analytes from the passive 
sampler at equilibrium (CPol⇌Sed) were converted to freely 
dissolved concentration (Cfree) by using analyte-specific 
polymer/water partition ratios (KPol/W). KSilasticA/W partition ratios 
are described by Smedes et. al. (2009).  
 
 
 
Additionally Cpol,sed concentration can be used to calculate 
equilibrium partitioning concentrations in lipids (CLip⇌Sed) by 
multiplying by the analyte-specific polymer/lipid partition 
ratios (KLip/Pol) given by Jahnke et al. (2008).  
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Table 3. Charecteristics of the polychlorinated biphenyls analyzed from the sediment 
(S) and  biota (B), and with PDMS passive samplers. LogKow according to Hawker and 
Connell (1988). 
Congener CAS name logKow
no. of ortho 
substituents
Analysed 
from
PCB-18 2,2',5-trichlorobiphenyl 5.24 2 B, S, PDMS
PCB-28 2,4,4'-trichlorobiphenyl 5.67 1 B, S, PDMS
PCB-31 2,4',5-trichlorobiphenyl 5.67 1 B, S, PDMS
PCB-44 2,2',3,5'-tetrachlorobiphenyl 5.75 2 B, S, PDMS
PCB-49 2,2',4,5'-tetrachlorobiphenyl 5.78 2 B, S, PDMS
PCB-52 2,2',5,5'-tetrachlorobiphenyl 5.84 2 B, S, PDMS
PCB-70 2,3',4',5-tetrachlorobiphenyl 6.20 1 B, S
PCB-101 2,2′,4,5,5′-pentachlorobiphenyl 6.38 2 B, S, PDMS
PCB-105 2,3,3',4,4'-Pentachlorobiphenyl 6.65 1 B, S, PDMS
PCB-110 2,3,3',4',6-Pentachlorobiphenyl 6.48 1 B, S, PDMS
PCB-114 2,3,4,4',5-Pentachlorobiphenyl 6.65 1 B, S
PCB-118 2,3',4,4',5-pentachlorobiphenyl 6.74 1 B, S, PDMS
PCB-138 2,2',3,4,4',5'-Hexachlorobiphenyl 6.83 2 B, S, PDMS
PCB-149 2,2',3,4',5',6-Hexachlorobiphenyl 6.67 3 B, S, PDMS
PCB-151 2,2',3,5,5',6-Hexachlorobiphenyl 6.64 3 B, S, PDMS
PCB-153 2,2',4,4',5,5'-Hexachlorobiphenyl 6.92 2 B, S, PDMS
PCB-156 2,3,3',4,4',5-Hexachlorobiphenyl 7.18 1 B, S, PDMS
PCB-157 2,3,3',4,4',5'-Hexachlorobiphenyl 7.18 1 B, S
PCB-167 2,3',4,4',5,5'-Hexachlorobiphenyl 7.27 1 B, S
PCB-180 2,2′,3,4,4′,5,5′-Heptachlorobiphenyl 7.36 2 B, S, PDMS  
2.5 STATISTICAL ANALYSES  
The results are expressed as mean ± standard deviation (sd). 
Alterations in biological endpoint and PCB bioaccumulation 
were studied by one-way analysis of variance (ANOVA) 
followed by Dunnet’s posthoc test to ascertain the difference 
between AC-amended and unamended sediments. In the 
experiment on AC-sediment contact time (IV) two-way 
ANOVA was used to examine the effects of time and AC 
exposure, followed by the Bonferroni posthoc test to study the 
effects of AC amendment. Homogeneity of variances was tested 
using Levene’s test, and normality was studied by the Shapiro-
Wilks test. If the above assumptions of ANOVA (homogeneity 
of variances and normal distribution) were not met, the 
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nonparametric Kruskal-Wallis test was used, followed by 
Dunn’s posthoc test to study the effects of AC amendment. 
Inhibitory concentrations (IC50) were studied in uncontaminated 
sediments (I, II) and determined using a variable slope model 
(four-parameter dose-response curve). Cumulative emergence 
(%) of C. riparius (II, III) in AC-amended and unamended 
sediments were compared using the Log-rank Mantel-Cox test. 
Statistical analyses were performed with GraphPad Prism 5.0 
for Windows (GraphPad Software, San Diego, CA, USA) and 
SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA). 
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3 Results and discussion 
3.1 SECONDARY EFFECTS OF ACTIVATED CARBON 
3.1.1 Secondary effects on Lumbriculus variegatus  
AC dose-related reduction in L. variegatus egestion rates was 
observed, and the egestion rates (14 days) correlate with growth 
(28 days), indicating that terminated sediment consumption 
explains most of the reduction in growth (Figure 8). Very low 
egestion rates have also previously been observed with PAC (ø 
90% <74 μm) at a treatment of 1% or higher (Jonker et al., 2009). 
Sediment consumption and growth rates varied between the 
sediments, AFS having the highest and HS the lowest egestion 
and growth rates. The AC doses inducing adverse effects varied, 
depending on the sediment and AC particle size. A better 
quality of sediment appeared to buffer the adverse effects of AC, 
so that the worms grew better and tolerated higher AC dosages. 
Due to the AC-induced termination in sediment consumption in 
some treatments, loss of weight during the experiment was 
observed (weight of the worms at the end of the experiment 
compared to the initial situation at the beginning of the 
experiment) (Figure 8 magnified part).  
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Figure 8. The regression between L. variegatus growth (relative change %) and 
amount of fecal pellets per worm (mg). *Significant difference in biomass compared to 
the corresponding unamended sediment. The TJ, KJ ja VL symbols with a cross are 
results of the ageing experiment, where AC-sediment contact time was three years, in 
other experiments the contact time was two weeks. The amount of fecal pellets in KJ 
0% and KJ 0.5% (marked as triangles) were for some reason very high and did not 
correlate with growth. These two values are excluded from the regression (R2 including 
the two values shown as grey). 
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The other studied endpoints for L. variegatus were lipid 
content and reproduction, which did not reveal a direct 
correlation with AC dose as observed with egestion rate and 
growth. Survival of the worms was high throughout the 
experiments, and the number of organisms remained stable or 
increased during the experimental period. A decrease in 
reproduction factor (the number of the worms at the end 
divided by the number at the beginning) was observed with 
high AC doses in the case of some of the sediments tested, but 
growth and reproduction did not correlate in all of the 
experimental units. Leppänen and Kukkonen (1998b) reported 9 
mg (fw) to be the minimum weight at which L. variegatus 
reproduced in HS. In this study, in some AC-amended 
sediments, the average weight of the worms was less than 3 mg 
at the end of the experiment in experimental units where 
reproduction had still occurred. This observation indicates that 
reproduction took place at a notably lower individual weight 
than reported earlier (Leppänen and Kukkonen, 1998b). 
Moreover, in the AFS, reproduction increased at low AC doses 
compared to reproduction in the unamended sediment (Figure 
9A). Thus, reproduction is not only regulated by the size of the 
worms, but may also be affected by environmental stress factors, 
such as AC amendment in this case.  
A significant reduction in lipid content was observed only in 
AFS (≥0.05% PAC and MAC, ≥0.25% GAC). In TJ sediment, a 
reduction in lipid content was seen, but the effect was not 
statistically significant (Figure 9B). The method used for lipid 
extraction might be sensitive enough to detect the increase in 
lipids when the worms gain weight and thus explain the 
observed effects in AFS and TJ. However, if the increase in 
weight is not sufficient or the worms lose weight, the response 
in lipids may be undetectable because the proportion of storage 
lipids becomes negligible in worm samples and diminishes the 
effects of AC amendments.  
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Figure 9. Lumbriculus variegatus reproduction (A) and lipid content (B). The 
reproduction factor (A) is calculated by dividing the number at the end by the number 
at the beginning (line 1 = no change in number during the experiment). *Significant 
change in lipids or reproduction compared to the corresponding unamended sediment.  
 
The AC-sediment contact time studied with KJ, TJ and VL 
sediment did not have a notable effect on L. variegatus biological 
responses (IV). Similar secondary effects were observed with 
both short (two-week) and long (three-year) contact times. The 
secondary effects were more strongly related to the AC dose and 
the used sediment than to ageing (Figures 8 and 9).  
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3.1.2 Secondary effects on Chironomus riparius  
In experiments executed with AFS (II), adverse secondary 
effects were observed on larval growth and developmental rate.  
A significant decrease in growth (dw and length) was observed 
in the PAC and MAC treatments (doses ≥ 1%) and in the 2.5% 
MAC treatment in P and F2 in the experiment covering multiple 
generations. In the F1 generation, growth of the larvae was 
generally low regardless of the AC amendment and only a 
fraction (4–33%) of the larvae reached the fourth instar stage. 
The reason for decreased growth in F2 is not thoroughly 
understood, but some natural variation may occur between 
experimental sets executed at different times. Additionally 
variation may occur in water and sediment quality during the 
experiments, regardless of monitoring. Indications of reduced 
growth and development were also observed in TJ and KJ 
sediments with the 2.5% MAC treatment (III), but significant 
responses were not observed (Figures 10B and 10C).  
An interesting result relating to larval growth and 
development was that the fourth instar larvae in high AC 
concentrations were apparently smaller than in the control. 
When the fourth instar larvae body length/head capsule length 
ratios were compared, statistically significant differences were 
observed in the MAC 1% and 5% treatments in the particle size 
experiment and in the multi-generation experiment in P with 
the 2.5% MAC treatment compared to the control. A similar 
trend was also observed in the PCB-contaminated sediment, 
although no significant effect was observed (Figure 10D). The 
reason why the larvae appear to develop to a smaller size is 
unknown. 
AC dose-related effects on survival were observed with the 
PAC treatment. Survival was low also in the TJ sediment (<30 to 
a maximum of 60%), but the response was unrelated to the AC 
amendment. Additionally, in the F1 generation control survival 
was low in both growth and emergence experiments. This was 
most likely related to a shortcoming in the experimental 
planning (F1 generation control was begun with 3- day old first 
instar larvae whereas the larvae of the AC-treated sediments 
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were younger than 3 days due to the later emergence of egg 
rods) (Figure 10A).  
 
 Figure 10. Chironomus riparius larvae survival (A), developmental stage (B), body 
length (C) and fourth instar larvae length/head capsule length ratio (C). *Significantly 
different compared to the corresponding unamended sediment.  
 
In emergence experiments over two generations a delay in 
emergence time was observed in TJ sediment, especially in 
female midges (a statistically significant response with 2.5% AC 
amendment was seen during the bioaccumulation experiment, 
III SI). A slight delay in emergence was also observed in AFS F1 
generation in both male female emergence times compared to 
the control. In the emergence experiment a statistically 
significant effect was only observed in AFS P generation male 
dw with a 2.5% AC dose.  
In KJ sediment slight indications of favorable effects of the 
small AC dose of 0.5% were observed. Survival, as well as 
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produced egg masses per female, were slightly higher in both 
generations (P, F1) compared to the control. However, when a 
higher AC dose was used, survival decreased and in the F1 
generation, female and male emergence diverged (6 days apart), 
causing a failure in reproduction. Due to the poor quality of the 
TJ sediment, reproduction in the F1 generation was disturbed 
regardless of the AC dose. The results from emergence 
experiments are summarized in Table 4. 
The secondary effects of AC amendments were seen more 
clearly in the C. riparius larvae stages, as compared to emerging 
adults which had been exposed to AC-amended sediment 
during the larvae stage.   
  Ta
bl
e 
4.
 S
tu
di
ed
 ec
ol
og
ic
al
 en
dp
oi
nt
s i
n 
a 
tw
o-
ge
ne
ra
tio
n 
(P
, F
1)
 em
er
ge
nc
e e
xp
er
im
en
t i
n 
KJ
, T
J a
nd
 A
FS
 se
di
m
en
ts
. A
ve
ra
ge
 v
al
ue
s ±
 st
an
da
rd
  
de
vi
at
io
n,
 *S
ig
ni
fic
an
tly
 d
iff
er
en
t c
om
pa
re
d 
to
 th
e u
na
m
en
de
d 
se
di
m
en
t (
Kr
us
ka
l-W
al
lis
 te
st
, D
un
n'
s M
ul
tip
le 
Co
m
pa
ris
on
 p
<0
.0
5)
. 
A
C
 d
os
e
S
ur
vi
va
l 
%
♂
 %
Eg
g 
m
as
se
s/
 ♀
 
to
ta
l 
em
er
ge
nc
e 
pe
ri
od
 (
d)
0%
90
48
0.
64
0.
29
9a
)
 -
 
23
.9
6
±
 3
.2
0
22
.0
0
±
 2
.3
5
25
.7
9
±
 2
.8
3
14
0.
5%
10
0
33
0.
70
0.
31
9
±
 0
.0
5
24
.6
0
±
 3
.0
7
22
.3
0
±
 2
.7
5
25
.7
5
±
 2
.5
7
11
2.
5%
77
65
0.
75
0.
34
6
±
 0
.0
3
23
.7
0
±
 3
.3
5
22
.7
3
±
 2
.3
6
25
.5
0
±
 3
.9
6
17
0%
50
60
0.
50
0.
40
9
±
 0
.0
4
24
.3
3
±
 4
.2
7
22
.2
2
±
 3
.5
6
27
.5
0
±
 3
.2
7
12
0.
5%
83
60
0.
70
0.
39
2
±
 0
.0
3
22
.4
5
±
 2
.9
1
21
.2
7
±
 1
.6
7
26
.0
0
±
 1
.8
3
10
2.
5%
67
60
0
0.
42
2
±
 0
.0
7
23
.6
5
±
 3
.4
1
21
.2
5
±
 0
.9
7
27
.2
5
±
 2
.3
1
11
0%
37
36
0.
43
0.
34
1
±
 0
.0
3
26
.4
5
±
 2
.3
8
25
.7
5
±
 3
.5
0
26
.8
6
±
 1
.6
8
8
0.
5%
27
50
0.
50
0.
28
6
±
 0
.0
5
23
.8
5
±
 3
.0
4
21
.7
5
±
 2
.5
0
26
.0
0
±
 1
.8
3
9
2.
5%
57
65
0.
67
0.
34
3
±
 0
.0
2
24
.2
4
±
 3
.1
5
22
.5
5
±
 1
.5
7
27
.3
3
±
 3
.0
1
10
0%
33
50
0
0.
36
3
±
 0
.0
3
24
.9
0
±
 3
.2
8
22
.4
0
±
 1
.8
2
27
.4
0
±
 2
.3
0
10
0.
5%
60
56
0
0.
38
0
±
 0
.0
3
25
.7
8
±
 3
.2
6
23
.4
0
±
 1
.0
7
28
.7
5
±
 2
.4
9
10
2.
5%
40
58
0
0.
36
3
±
 0
.0
3
26
.8
3
±
 3
.7
4
24
.5
7
±
 2
.7
0
30
.0
0
±
 2
.4
5
13
0%
93
50
0.
14
0.
36
±
 0
.0
4
24
.4
4
±
 3
.2
0
21
.9
3
±
 1
.3
3
27
.5
0
±
 1
.6
5
12
0.
5%
97
34
0.
47
0.
37
±
 0
.0
3
25
.3
4
±
 2
.9
1
22
.6
0
±
 2
.1
2
26
.7
9
±
 2
.1
2
11
2.
5%
97
45
0.
50
*
0.
33
±
 0
.0
2
24
.6
2
±
 3
.0
0
21
.6
2
±
 1
.1
9
27
.0
6
±
 1
.2
4
8
0%
33
60
0.
75
0.
38
±
 0
.0
1
25
.5
0
±
 3
.3
4
23
.3
3
±
 2
.3
4
28
.7
5
±
 0
.9
6
10
0.
5%
70
48
0.
64
0.
43
±
 0
.0
5
27
.6
2
±
 3
.3
7
25
.9
0
±
 3
.1
1
29
.1
8
±
 2
.8
9
14
2.
5%
83
52
0.
75
0.
38
±
 0
.0
6
27
.1
6
±
 2
.5
4
25
.4
6
±
 1
.5
1
29
.0
0
±
 2
.1
3
9
a)
 n
=1
, m
al
e 
m
id
ge
s 
fo
un
d 
de
ad
 in
 th
e 
w
at
er
 d
is
h 
fo
r r
ep
ro
du
ct
io
n 
o
r d
es
tro
ye
d 
w
hi
le
 h
an
dl
in
g 
w
er
e 
ex
cl
ud
ed
 fr
o
m
 th
e 
m
ea
su
re
m
en
ts
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
♂
 d
w
 (
m
g)
av
ea
ge
 
em
er
ge
nc
e
♂
 e
m
er
ge
nc
e
 ♀
 e
m
er
ge
nc
e
Kernaalanjärvi (KJ)
P F1
Artificial sediment (AFS)
P F1
Tervajoki (TJ)
P F1
 
 
 51 
3.1.3 Effects of AC particle size  
AC particle size-related responses were observed in the 
reproduction and egestion rate (L. variegatus, I), survival and 
development of the larvae (C. riparius, II) and in growth in the 
case of both organisms (Figure 11). The smallest particle size, 
PAC, had the most pronounced effects, followed by MAC and 
GAC, in rising particle size order. The secondary effects with 
GAC were observed only in the case of L. variegatus, with 
dosages from 5% to 15%. However AC dosages of >5% are 
relatively high compared to the dosages generally 
recommended for remedial purposes (Ghosh et al., 2011; 
Kupryianchyk et al., 2015). Statistically significant effects for L. 
variegatus were seen at lower dosages than for C. riparius: IC50 in 
AFS for weight for L. variegatus PAC 0.35% (0.31–0.41 95% 
confidence intervals), MAC 0.75% (0.61–0.92) and GAC 6.45% 
(5.59–7.44) and for C. riparius PAC 1.14% (0.90–1.45), for MAC 
the number of concentrations was not sufficient to calculate IC50, 
and no secondary effects were observed with GAC. However 
with C. riparius effects on survival were observed with PAC 
treatment, whereas the survival of L. variegatus was high in all 
treatments (Figures 9A and 10A).  
 
 
Figure 11. Lubmriculus variegarus (left) and Chironomus riparius (right): relative 
change in weight (L. variegatus fw, C. riparius dw) compared to control as a function 
of PAC, MAC and GAC doses. The dashed line at 100% represents growth in the 
control, the dashed line at 35 in figure A indicates the weight of the L. variegatus at 
the beginning of the experiment. *Significantly different compared to the control 
treatment.  
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Organic petrography analyses revealed that when ingestible 
particle size AC for L. variegatus (<100 μm) is present in the 
sediment it is also found in the fecal pellets (I). Additionally, the 
consistency of the fecal pellets and the sediment proved to be 
similar, confirming that L.variegatus uses the sediment in a 
nonselective manner (Lawrence et al., 2000). The ingestion of 
AC particles by C. riparius, studied with the help of light 
microscopy samples from the gut, revealed that the quantity of 
particles correlated with the amended doses, the smallest 
particle size and the highest dose also giving the greatest 
number of particles in the gut. The ingestible particle size for C. 
riparius proved to be the same as for L. variegatus ø <100 μm (II). 
Small AC particles were found in the fecal pellets of the worms 
and C. riparius samples exposed to MAC and GAC treated 
sediments, revealing that abrasion of the AC particles had taken 
place during the mixing procedure. Although the reduction in 
particle size in terms of overall mass was minor, the secondary 
effects observed with the larger particle sizes may be related to 
the small AC particles formed during in the mixing of AC and 
sediment. 
3.1.4 Transmission electron micrographs (TEM)  
TEM samples revealed clear differences between worms and 
larvae exposed to AC-amended and unamended sediments. The 
microvilli layer inside the gut wall of the digestive tract was 
longer (C. riparius II, III, L. varegatus IV) and denser (L. 
variegatus IV) in unamended sediment compared to that of the 
AC-exposed organisms (Figure 12). Due to the structure of the 
C. riparius gut wall, microvilli density measurements were not 
possible. In addition, due to the high mortality of C. riparius in 
TJ sediment, only a small number of samples were successfully 
prepared (n=1–2) and thus statistical analyses were not executed 
for these samples. All the other exposures in PCB-contaminated 
sediments showed a statistical reduction in microvilli length or 
density with an MAC dose of 2.5% or lower (III, IV). Reduction 
in the microvilli lengths of C. riparius was also observed in AFS 
amended with different AC particle sizes (II). The magnitude of 
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the effect was related to the AC particle size, and no reduction 
in microvilli length was observed with the largest particle size 
(GAC).   
 
Figure 12. Transmission electron micrographs (TEM) of L. variegatus (above) and C. 
riparius larvae (below) microvilli layers exposed to unamended and AC-amended 
PCB-contaminated sediments. L. variegatus: exposure time 28 days, magnification × 
12000, C. riparius: 10 days, × 6000. Scale bar 2000 nm.  
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Possible explanations for the observed morphological 
changes may be the reduced availability of nutritious 
compounds, mechanical damage caused by sharp AC particles 
passing through the gut, these two together, or some other 
factors. As far as is known, previous studies describing the 
secondary effects of AC have not focused on the morphological 
changes within the organisms. Waissi-Leinonen et al. (2012) 
reported changes in microvilli length and layer density in C. 
riparius exposed to carbon nanoparticles (C60), and concluded 
that the structural changes in the gut wall may hinder the 
absorption of food and nutrients thus affecting the growth and 
development of the larvae. The reduction in sediment 
consumption of L. variegatus observed in this study with AC-
amended sediments, together with the morphological changes 
in the gut wall could indicate AC-induced mechanical damage. 
Thus reduced sediment consumption could be a mechanism for 
avoiding AC exposure.  
Increased microvilli length was observed in KJ sediment with 
0.25% (L. variegatus) and 0.5% (C. riparius) MAC amendments. 
Especially in the case of C. riparius, if interpret together with 
other ecologigal endpoints, this can be seen as an indication of a 
positive effect of AC amendment.  
3.1.5 Secondary effects in this study in relation to other studies 
Within this study clear AC dose- and particle size-related 
secondary effects were observed in both L. variegatus and C. 
riparius. Secondary effects were apparent in both 
uncontaminated and PCB-contaminated sediments. Adverse 
effects were seen at lower dosages in L. variegatus compared to C. 
riparius. On the other hand, effects were observed on survival 
for C. riparius at high AC dosages, whereas no mortality of L. 
variegatus was observed in any of the experiments. Although 
secondary effects were strongly related to the used sediment, 
with PAC treatment, secondary effects were already observed 
with very low AC treatments. Smaller particle sized AC had 
more pronounced effects.  
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Consistently with this study, other studies have shown that 
the secondary effects of AC are highly dependent on the 
organisms used and on the sediment. Both significant adverse 
effects with low AC doses and no effects with high dosages have 
been reported. Other studies have reported no secondary effects 
on growth (Millward et al., 2005; Janssen et al., 2011; 
Kupryianchyk et al., 2011; Janssen et al., 2012; Josefsson et al., 
2012), lipid content (Millward et al., 2005; Janssen et al., 2011; 
Janssen et al., 2012; Josefsson et al., 2012; Kupryianchyk et al., 
2013b), or behavior (avoidance) (Kupryianchyk et al., 2011; 
Janssen et al., 2012), even in the studies executed with the same 
species for which adverse effects have been shown elsewhere. 
Reduced weight or inhibition in growth and decreased lipid 
content have been reported for several macroinvertebrates at 
AC doses of 4% or lower (Millward et al., 2005; Jonker et al., 
2009; Janssen et al., 2011; Kupryianchyk et al., 2011; Janssen et 
al., 2012; Kupryianchyk et al., 2013b; Han et al., 2015), and at 
higher doses (15–20% sediment dw) avoidance behavior has 
been observed (Jonker et al., 2009). The results relating to 
reduced growth of the organisms have been discussed as being 
related to the bioavailability of nutritious compounds sorbed by 
AC from the sediment (Jonker et al., 2004; Schreiber et al., 2005; 
Janssen et al., 2012), thus altering food availability or quality for 
benthic organisms. However, the reduced sediment 
consumption in L. variegatus and the AC-induced morphological 
changes in L. variegatus and C. riparius found within this study 
raise the question of potential direct mechanical disturbance 
caused by the ingested AC particles. In some studies positive 
effects on survival through reduced sediment toxicity have been 
reported (Ho et al., 2004; Tomaszewski et al., 2008; 
Kupryianchyk et al., 2011; Kupryianchyk et al., 2013a). 
Indications of positive effects with a low AC dose (0.5%) were 
also observed within this study in the case of C. riparius in KJ 
sediment.  
Although a majority of the studies have focused on effects on 
benthic organisms, predicating that the secondary effects are 
more severe in the organisms exposed to AC treatment directly, 
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reduction in the weight of fish (Leuciscus idus melanotus) was 
observed in a small-scale field experiment as a consequence of a 
4% AC amendment (ø 1−150 μm) (Kupryianchyk et al., 2013b). 
In the larger-scale field experiment, no AC-induced effects on 
taxa richness and species composition with AC doses of 2−3.2% 
were observed (Cho et al., 2009). With capping treatments where 
the AC dosages are generally higher (19−32%), reductions in 
species abundance and species richness have been reported 
(Cornelissen et al., 2011). Based on this and other studies, 
sediment-dwelling organisms may be sensitive to the secondary 
effects of AC amendments. Benthic invertebrates are 
fundamental for the functioning of aquatic ecosystems, and in 
addition they are generally found in many contaminated areas 
(Cho et al., 2009; Cornelissen et al., 2011; Figueiredo et al., 2014).   
3.2 REDUCTION IN CFREE AND BIOACCUMULATED 
CONCENTRATIONS  
3.2.1 Cfree concentrations  
The freely dissolved concentrations (Cfree) of PCBs measured by 
the PDMS method were clearly reduced as a consequence of AC 
addition in each sediment. In the experiment executed with two 
different AC-sediment contact times the results were 
comparable, although a slightly greater reduction was observed 
in heavier congeners after three years of ageing. The KJ 
sediment applied in the C. riparius experiment (III) was from the 
same batch as the one used in the L. varieagatus experiments (IV) 
and comparable Cfree concentrations were measured by PDMS, 
as could be expected. The TJ sediment used in the L. variegatus 
experiments and the C. riparius experiments was from different 
samplings, and the Cfree as well as the bioaccumulated 
concentrations in organisms (discussed below) varied 
significantly. An AC addition of 0.25% reduced the Cfree by 
approximately 20% or more, a 0.5% AC addition reduced the 
Cfree by 38% (TJ) and 65% (KJ). With a higher AC dose (2.5%) the 
reduction was approximately 70% or more in all the sediments, 
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most reaching a 90% reduction compared to the unamended 
sediment (Figure 13). The silicone-coated glass method, 
measuring Cfree at equilibrium, was shown to be suitable for 
measuring the effects of AC amendments in sediments. Thus the 
method could be used for monitoring PCB bioavailability in 
field sites subject to remedial action with AC.   
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3.2.2 Bioaccumulated concentrations in organisms  
PCB bioaccumulation clearly decreased with an increasing AC 
dose in all the sediments and in both organisms. The most 
significant reduction was observed with tri-chlorinated 
homologues, and this was followed by decreased efficiency with 
the increasing level of chlorination. High efficiency of AC in the 
case of low-chlorinated PCB homologues has also been observed 
in other studies, and it has been suggested that this relates to the 
fact that higher-chlorinated, slowly diffusing homologues 
require longer contact time in order to be confined by AC (Sun 
and Ghosh, 2007; Cho et al., 2009; Beckingham and Ghosh, 
2011).   
The efficiency of AC varied between the sediments. The 
highest efficiency of AC for both organisms was seen in KJ 
sediment. In TJ sediment the bioaccumulated concentrations 
were not reduced as much, and the VL sediment tested only 
with L. variegatus was placed between the two previously 
mentioned sediments. For C. riparius the reduction of 
bioaccumulated concentrations were in the case of KJ sediment 
47% and 70% for larvae, 22% and 39% for midges, with 0.5% and 
2.5% AC amendments. In TJ sediment the corresponding figures 
were 25% and 44% for larvae, and 4% and 50% for midges. If the 
results from the two experiments are compared, AC efficiency in 
reducing bioaccumulated concentrations in C. riparius (III) does 
not seem to be quite as high as in L. variegatus (IV). The 
difference may be related to the different experimental duration 
(14 days and 15–28 days of exposure for C. riparius larvae and 
midges, 28 days exposure for L. variegatus). Additionally, L. 
variegatus exposure may have decreased as a result of the 
reduced sediment consumption observed in AC-amended 
sediments.  
The results from the L. variegatus experiments (IV) executed 
after short and long AC-sediment contact time were 
comparable. In TJ sediment some variation was seen between 
the two sampling times; an AC addition of 0.25% did not 
decrease PCB bioaccumulation after two weeks, but after three 
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years, the reduction was 20%. The higher AC dose of 2.5% 
reduced the bioavailability by 63% after two weeks and by 17% 
after three years. The reason for the less efficient reduction in 
bioavailability after ageing in 2.5%-amended TJ sediment is 
unknown, and a similar response was not observed in freely 
dissolved concentrations measured using coated vials (Figure 
14). 
The lipid-normalized ∑PCB concentrations determined from 
C. riparius larvae and midges were similar, and an AC 
amendment-induced reduction in bioaccumulated 
concentrations was observed in both. However, the PCB 
congener composition determined from larvae and midge 
differed slightly: In unamended and AC-amended KJ sediments, 
tri- and tetra-chlorinated PCBs corresponded to 23–28%, and the 
proportion of penta- and hexa-chlorinated congeners were 70–
75% in larvae from ∑PCB. In the midges developed from the 
same exposures, tri- and tetra-chlorinated congeners 
corresponded to less than 20% of the ∑PCB, and the proportion 
of penta- and hexa-chlorinated congeners was 77–80%. The 
same response was detected in TJ sediment, where the 
corresponding composition of congeners in larvae was 
approximately half, and in midges 18–37%/60–77% (tri-, terta-
/penta-, hexa-) (Figures 14, 15). When the larvae develop into 
midges, they seem to be able to dispose of some of the lower-
chlorinated PCB homologues, whereas the higher-chlorinated 
homologues are retained through metamorphosis. 
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The weight-normalized concentrations revealed that the 
∑PCB concentrations extracted from C. riparius larvae were 
approximately half of those extracted from adult midges. This 
observation is related to the fact that, during metamorphosis, 
the weight of C. riparius decreases by more than half (58%). 
However, the lipids from the larvae, and thus also the PCBs 
bound in the lipids, are mostly transferred from the larvae to the 
midges. In previous studies, organochlorines (e.g PCBs) have 
been shown to be mostly retained within the insect body during 
metamorphosis, which leads to increased concentrations in 
adults, which have smaller mass than the larvae (Kraus et al., 
2014). The same phenomenon has been observed for mayfly 
(Hexagenia spp.) (Daley et al., 2011) and C. riparius in a study 
applying PCB 153-spiked sediment (Hwang et al., 2001). 
Organisms, such as C. riparius, going through metamorphosis 
may act as a link between aquatic and terrestrial ecosystems and 
function as a vector for sediment-associated contaminants 
(Walters et al., 2010). Thus remedial methods changing the 
transport of contaminants from larvae to adult stages may be 
relevant in the food chain transfer of HOCs (Figueiredo et al., 
2014). During metamorphosis, the weight of male midges is 
reduced more than that of female midges, and the 
bioaccumulation of PCBs may also differ depending on the sex 
of the midges (Hwang et al., 2001; Maul et al., 2006). Within this 
study, however, the samples were pooled in order to gain a 
sufficient quantity of samples for extractions. 
During the hatching, midges leave behind an exuviae, 
through which they may possibly excrete some contaminant 
loading. Within this study, due to the very low biomass of the 
exuviae, PCBs were extracted from the pooled samples. The 
congener composition of the exuviae was similar to that found 
in of midges (Figure 15). Interestingly, the AC amendment did 
not affect the PCB concentration of the exuviae, although clear 
effects were observed in larvae and in midges. The exuviae of 
Chironomidae are primarily chitin-protein complexes with a 
waxy coating (Nation, 2002; Kavanaugh et al., 2014). The reason 
behind the inefficiency of AC as regards PCBs in exuviae may 
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lie on the different environment in which the PCBs are bound 
(i.e. the AC amendment would affect mainly the lipid-bound 
fraction of PCBs present in larvae and midges). The transfer of 
∑PCBs, calculated on the basis of the individual organism, were 
from larvae to exuviae 17–49% and from larvae to midges 67–
144% compared to the larvae concentrations (Figure 15). The 
higher concentrations found in midges as compared to larvae 
can be explained by the longer exposure time (larvae sampling 
at day 14, exposures of the midges 15 to 28 days, depending on 
emergence time).   
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AC amendments have been shown to be highly efficient in 
reducing biological and aqueous concentrations of a wide 
variety of HOCs, e.g. PCBs (Zimmerman et al., 2005; Sun and 
Ghosh, 2008; Cho et al., 2009; Janssen et al., 2010; Kupryianchyk 
et al., 2013b and III, IV this study), PAHs (Zimmerman et al., 
2005; Cornelissen et al., 2006b; Rakowska et al., 2013), 
dichlorodiphenyltrichloroethanes (DDTs) (Tomaszewski et al., 
2008; Hale et al., 2009; Lin et al., 2014), and organotins such as 
tributyltin (TBT) (Brändli et al., 2009).  Moreover, AC appears to 
be an efficient and stable sorbent, preserving its sorption 
capacity even after long period of time (Beckingham and Ghosh, 
2011; Cho et al., 2012, IV this study).  
Several factors determine the sorption efficiency of AC 
(Kupryianchyk et al., 2015). The factors affecting the efficiency 
can be related to  1) AC characteristics, such as particle size and 
pore structure (Lebo et al., 2003; Zimmerman et al., 2005), 2) 
contaminant characteristics, such as size, planarity and 
hydrophobicity (Bärring et al., 2002; Jonker and Koelmans, 2002; 
Bucheli and Gustafsson, 2003), and 3) competition between  the  
sorption sites in AC (Matsui et al., 2003; Cornelissen et al., 2004; 
Koelmans et al., 2009). Additionally 4) the AC application 
method and mixing efficiency (Zimmerman et al., 2004; Sun and 
Ghosh, 2007) as well as 5) the AC dose (Zimmerman et al., 2005; 
Tomaszewski et al., 2007, III and IV in this study), affect 
sorption efficiency. To achieve sufficient HOC retention most 
authors have recommended AC doses higher than 0.5% 
(Cornelissen et al., 2006a; Sun and Ghosh, 2008; Kupryianchyk 
et al., 2011; Kupryianchyk et al., 2012b). An AC dose of 5% can 
be considered the recommended upper limit of AC amendments 
when the AC is mixed into the sediment, since applied doses 
higher than 5% do not further enhance the reduction of biota 
concentration (Beckingham and Ghosh, 2011; Ghosh et al., 2011; 
Kupryianchyk et al., 2015). 
Keeping in mind the potential secondary effects, careful 
evaluation is needed in order to proceed in selecting appropriate 
AC materials and implementation methods to efficiently reduce 
contaminant bioavailability, simultaneously considering the 
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local ecological aspects. Some recent techniques under 
investigation allow the removal of AC from the sediment after a 
sufficient stabilizing period (Rakowska et al., 2013; Han et al., 
2015), which potentially broadens the usability of the method. 
Moreover, some studies have shown that addition of AC mixed 
together with a natural matrix (e.g. clay) may cause fewer 
secondary effects when compared to amendment with AC alone 
(Cornelissen et al., 2011).  
3.2.3 Equilibrium partitioning concentrations in lipids 
Several passive sampling approaches, e.g. polyoxymethylene 
(POM) (Janssen et al., 2011; Oen et al., 2011; Beckingham and 
Ghosh, 2013; Kupryianchyk et al., 2013a), low-density 
poluethylene (PE) (Oen et al., 2011), semi-permeable membrane 
devices (SPMDs) and polyethylene devices (PEDs) (Cho et al., 
2009) have previously been applied to AC amendments in both 
laboratory and field studies. Compared to the previously 
mentioned approaches, the great benefit of the PDMS method 
applying multiple thicknesses is that thermodynamic 
equilibrium can easily be ensured. Furthermore, the silicone-
coated glass method using multiple coating thicknesses enables 
identification of different sources of error in sampling: sample 
depletion, polymer abrasion and surface adsorption 
(Reichenberg et al., 2008).  
The CLip⇌Sed determined showed that the lipid-normalized 
tissue concentrations (CBio,Lip) are expected to decrease with an 
increasing AC dose, with the exception of the 0.25% treatment in 
KJ sediment, where a slight increase might occur (Figure 16). 
Comparison of CBio,Lip and CLip⇌Sed  shows that the estimated 
values are higher than actually measured tissue concentrations. 
Overestimation of the CLip⇌Sed compared to the lipid-normalized 
biota measurements has been observed in earlier studies, too 
(Mäenpää et al., 2011b; Jahnke et al., 2014; Mäenpää et al., 2015b). 
The reasons for conservative estimates may relate to the type of 
lipid phase the estimates are based on, versus the biota lipids 
where the bioaccumulation actually occurs (neutral lipid vs. 
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neutral/polar lipids), biotransformation, or temperature effects 
(Mäenpää et al., 2011b; Mäenpää et al., 2015a).  
Despite the overestimation, CLip⇌Sed produces reasonable 
estimates of the biota concentration in both AC-amended and 
unamended sediments. The method could therefore be used for 
producing the reference values for biota concentrations when 
monitoring PCB bioavailability in the field sites remediated with 
AC. For application to the field-collected AC-amended sediment 
samples, attention needs to be paid to the rotation time during 
which equilibrium of the analytes between polymer and 
sediment is achieved, since shaking or rotation of the sediment 
may mimic a longer post-remedial stage than is actually 
achieved on site (Kupryianchyk et al., 2013a). PDMS fibers have 
been used in long-term monitoring together with active capping 
remedial approaches (coke, sand and AquaBlok™ containing 
clay-like material for permeability control), to measure the pore 
water concentration profiles of PAHs (Lampert et al., 2013). The 
pore water-based predictions of biota concentrations were 
calculated using octanol-water partitioning coefficients and they 
were observed to slightly underestimate the observed lipid-
normalized PAH concentrations. Thomas et al. (2014) applied 
PDMS fibers in a PCB-contaminated field site remediated with 
AC capping and observed a high correlation between lipid-
normalized bioaccumulated concentrations and the product of 
PDMS pore water concentrations × octanol-water partitioning 
coefficients. However, the estimated concentrations somewhat 
overestimated the tissue concentrations actually measured.  
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3.3 IMPLICATIONS OF THE APPLICABILITY OF AC 
AMENDMENTS  
3.3.1 Knowledge gained from field trials  
Field experiments have shown that AC amendments efficiently 
reduce the bioavailability of HOCs, and the binding ability of 
the AC remains even after years of application (Cho et al., 2009; 
Beckingham and Ghosh, 2011; Cho et al., 2012; Cornelissen et al., 
2015). The reduction in bioaccumulated and sediment pore 
water concentrations falls from the levels determined in 
laboratory assays (Cho et al., 2009; Beckingham and Ghosh, 
2011). The uneven distribution of AC in the remediated site and 
the limited contact between AC and contaminants under static 
field conditions may slow down the mass transfer and 
stabilization of contaminants by AC particles. Regardless of this, 
AC amendments have reduced the bioavailable concentrations 
of HOCs significantly, and it can be confirmed to be an efficient 
and stable sorbent. 
As observed in this study, AC amendments may induce 
secondary effects in benthic organisms. The results from field 
trials are not thoroughly consistent. In a three year monitoring 
program, no differences were observed in the percentage of 
Oligochaeta or the percentage of organisms that burrow into 
sediment between AC-treated and untreated sites in Grasse 
River (New York, US), (Beckingham et al., 2013). AC (ø 75-300 
μm) was added to the sediment at 3.75% dw. The results of a 
multivariate analysis revealed that AC amendment accounted 
for 1.2% of the observed variation between the experimental 
sites, whereas the year (14.2%) and silt content (7.1%) explained 
a higher proportion of the variation and were both statistically 
significant. These results are in accordance with the field trial 
executed at Hunters Point (San Francisco Bay, CA), where no 
statistically significant differences were observed in taxa 
richness and diversity between AC-treated (2.0–3.2%, ø 75-300 
μm) and untreated plots after 6-month and 18-month post-
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treatment (Cho et al., 2009). On the other hand, in Trondheim 
harbor (Norway), a significant reduction in species abundance 
and species richness was observed 5 and 11 months after AC 
treatment (Cornelissen et al., 2011). In capping treatment the AC 
doses applied were higher (up to 32% dw), and in addition, the 
used particle size was smaller (mean ø 20 μm) than in 
previously mentioned field trials. In a recolonization study with 
PAC (ø 15 μm D50, i.e. average particle diameter by mass) and 
several AC dosages, some effect on the abundance of 
Lumbriculidae and Pisidiidea in the freshwater sediment was 
observed (Kupryianchyk et al., 2012a). According to 
multivariate analysis, AC amendment was a significant factor 
explaining the variation between the plots, accounting for 3% of 
the total variation.   
The secondary effects observed in the field may be milder 
than effects observed in the laboratory. In some cases, the 
ecological responses can with good reason be considered 
negligible and the remediation potential of AC amendments 
more significant, e.g. in cases where the sediment is acutely 
toxic to the organisms or poses a direct risk to humans. Several 
AC- and environment-related factors may affect the sorption 
capacity and secondary effects, and thus it is essential to 
understand the site-specific characteristics.  
3.3.2 Practical concerns relating to the implementation 
Currently AC application into the sediment poses certain 
technical challenges due to the porous and light texture of AC 
(Kupryianchyk et al., 2015). In pilot-scale studies, several 
methods have been applied to introduce AC into the sediment. 
These include barge-mounted rotovators, slurry injectors, sleds 
and different kinds of pipes (Cho et al., 2007; Cho et al., 2009; 
Beckingham and Ghosh, 2011; Ghosh et al., 2011). In order to 
enhance the settling of AC, methods such as mixing with NaCl 
water, clean sediment, sand and clay prior to amendment have 
been applied (Cornelissen et al., 2011).  The complexity of the 
remediation, and thus also the operational costs of AC 
implementation, are related to the environmental factors 
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involved (water depth, current, tide), and also to the intended 
application method (mixing, capping). The main costs relating 
to AC amendment remediation projects are the material and 
operational costs. The approximate costs of AC itself is 2−3 €/kg 
(Brändli et al., 2008; Ghosh et al., 2011; Kupryianchyk et al., 
2015), and for regenerated AC (i.e. reactivated after removal 
from treated material) the costs may remain even lower 
(Tomaszewski et al., 2007).  
In addition to tangible costs, the environmental footprint 
associated with implementing remedial alternatives should be 
evaluated in a remedial approach aiming at improving the 
quality of the environment for the whole ecosystem. For 
example, when evaluated by the life cycle assessment (LCA) 
approach,  the coal-based AC applied within these experiments 
would not be an ideal choice for field application, owing to the 
high environmental costs of the mining industry and the long 
transport distances (Sparrevik et al., 2011). In remediation 
practices, biomass-derived AC produced e.g. from coconut 
shells, is recommended.  From the life cycle perspective, 
biomass-derived AC sequesters the carbon from the biomass for 
extended periods and thus has the potential to mitigate climate 
change (Jeffery et al., 2015). 
AC amendments reduce the bioavailable concentrations of 
contaminants, but do not reduce the total concentrations in 
sediment. In a regulatory context, this poses some challenges 
concerning the applicability of the method. Sediment risk 
management and sediment quality guidelines (if any) are often 
based on total concentration, which is not affected by AC 
amendments (Cornelissen et al., 2005; Ghosh et al., 2011; 
Kupryianchyk et al., 2015). In addition methods that leave the 
contaminants in place also involve a risk of the contaminant 
becoming re-exposed. Although with AC amendments the risk 
would most likely be negligible, it may affect the general 
acceptability of the method. The decision-making criteria for 
remediation have been the subject of several debates among 
policy-makers and regulators over decades, with the 
intersecting theme of the distinction between hazard and risk 
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(Harmsen and Naidu, 2013). The risk-based approach taking 
into account the bioavailability of contaminants could be an 
economically feasible and sustainable way to reduce the risks, 
both for humans and for the environment at contaminated sites. 
However, general acceptance both from the environmental and 
from the community perspectives needs to be taken into account 
in order to successfully implement this approach. There has 
been a slight shift towards considering bioavailability in risk 
assessment and management by regulatory institutions, but 
further knowledge on bioavailability is required in order to 
design strategies for remediation. Playing an essential role for 
the public and for decision makers alike are not only the 
scientific proofs, but also communication of the pros and cons of 
the method (Harmsen and Naidu, 2013).  
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4 Concluding remarks 
AC is an efficient and strong sorbent for HOCs and may reduce 
aqueous and biota concentrations significantly. Generally it can 
be concluded that using high-dose and small particle size AC is 
the most efficient and quickest method of binding contaminants. 
However the dose and particle size need to be balanced against 
the potential secondary effects of AC.  Secondary effects of AC 
were observed to be strongly related to the sediment and 
organisms used. At times, secondary effects were already 
observed at very low dosages, in fact insufficient dosages if 
considered for remedial purposes. The secondary effects were 
seen at an individual level (e.g. growth) but also at community 
level, through altered emergence of C. riparius, leading to failure 
in reproduction.  
Sediment-dwelling organisms exposing internally through 
ingested food particles and externally through sediment may be 
especially sensitive to AC amendments. The effects of carbon 
amendments on benthic organisms should not be overlooked, 
since they form the basis of many aquatic food webs. However, 
an issue to be kept in mind when discussing potential new 
methods for remediation is that the traditional approaches also 
carry secondary effects into ecosystems and organisms, and 
these effects may sometimes be drastic or even decimating.   
Through reduced sediment toxicity, indications of positive 
effects of AC amendments were seen with C. riparius in 0.5% AC 
amendment in PCB-contaminated KJ sediment (increased 
survival and reproduction). Thus with carefully selected 
dosages, the secondary effects could possibly be kept to a 
minimum, while at some sites positive effects on ecosystems 
could even be achieved. Additionally, the reduction of 
contaminant concentrations in organisms at the bottom of the 
food chain could possibly affect the food chain transfer of 
HOCs, and in the case of organisms undergoing 
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metamorphosis, even alter their transport from aquatic to 
terrestrial food chains. Site-specific evaluation plays a key role 
in estimating both the potential adverse and beneficial effects 
when the method is considered or implemented for remedial 
purposes.  
4.1 NEEDS FOR FURTHER STUDY 
Despite the novel information gained in this study and in 
concurrent publications, the secondary effects of AC 
amendments are not yet thoroughly understood. The AC-
induced morphological changes observed in this study deserve 
more attention. Additionally, efforts should be made to 
understand the mode of action behind the observed effects, 
rather than unquestionably stating the secondary effects to be 
negligible.  
Further research is required in situ, in order to bring the 
remediation potential of AC amendment and the secondary 
effects into a broader perspective. The secondary effects may not 
be as apparent in field conditions as those observed in the 
laboratory, if the secondary effects are determined, e.g. by 
nutrient availability. In the field, the amendments are generally 
less evenly distributed, and thus the organisms may potentially 
choose the less affected areas to inhabit within the remediated 
site. On the other hand, due to the environmental conditions, as 
well as to the complex interactions between organisms, some 
secondary effects in the field may not have been predicted on 
the basis of laboratory trials.  
From the regulatory point of view, a shortcoming of the 
method is that the contaminants are not removed from the area, 
but (only) the bioavailability of the contaminants is altered. To 
overcome this, attention should be directed to the development 
and further study of potential methods for retrieving AC from 
the sediment after sufficient sorption time.  
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Inna Nybom
Activated Carbon 
Amendments for 
Sediment Remediation  
Reduction of aquatic and biota concentrations 
of PCBs, and secondary effects on Lumbriculus 
variegatus and Chironomus riparius 
Contaminated sediments may pose 
risks to aquatic ecosystems. Under 
investigation for remedial approach 
are carbon amendments (e.g. activated 
carbon, AC). In the present thesis 
the sorption efficiency of AC for 
polychlorinated biphenyls (PCBs), and 
the secondary effects of AC on benthic 
organisms Lumbriculus variegatus and 
Chironomus riparius were studied. 
The results show that the sorption 
efficiency and the secondary effects 
are dependent on the used sediment, 
highlighting the importance of site-
specific evaluation when remedial 
actions are designed. 
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